ABSTRACT: A method for transition metal-free 1,2-carboboration of unactivated alkenes with bis-(catecholato)diboron as the boron source in combination with alkyl halides as the alkyl component is introduced. The three-component reaction proceeds via a radical pathway on a broad range of unactivated alkenes, and the 1,2-carboboration products serve as valuable synthetic building blocks. Density functional theory calculations provide insights into the mechanism.
D
ifunctionalization of carbon−carbon double bonds, forming two new C−X (X = C or other atoms) bonds in a single operation, is a very powerful and valuable transformation in organic chemistry. 1 Along these lines, alkene difunctionalization comprising a borylation step in combination with another C−X bond-forming process 2 is highly attractive due to the fact that the installed C−B bond offers a range of highly useful followup transformations. 3 In recent decades, transition metal catalyzed carboboration of alkenes has matured to an efficient approach for the construction of functionalized alkylboranes, 2 which serve as important reagents and building blocks in chemical synthesis. In contrast, only few reports on transition metal-free 1,2-carboboration of alkenes have appeared to date. For example, 1,2-carboboration of allenyl ketones and esters using the strong Lewis acid B(C 6 F 5 ) 3 was disclosed in which B(C 6 F 5 ) 3 regioselectively reacts with the allene moiety (Scheme 1A). 4, 5 Woerpel reported a carboboration of seven-membered cyclic alkenes with triethylborane, which was suggested to proceed via a concerted process (Scheme 1B). 6 A radical pathway, albeit less likely, could not be fully excluded. To our knowledge, a general transition metal-free intermolecular radical 1,2-carboboration of unactivated alkenes is unknown. 7 We present herein highly regioselective three-component alkene 1,2-carboboration with a commercial diboron reagent as a chain carrying boron source and alkyl halides as radical precursors (Scheme 1C).
Encouraged by our recent work on transition metal-free 1,2-bifunctionalization of alkenes through radical processes, 8 we decided to study unprecedented intermolecular alkene 1,2-carboboration employing alkyl halides in combination with commercial diboron reagents. Tetraalkoxydiboron reagents are known to react with reactive aryl radicals 9 and vinyl radicals 10 via homolytic substitution at boron, and more recently, it was shown that alkyl radicals engage in radical borylation with this type of reagent.
11,12
At first, we examined the reaction of 2-allylnaphthalene (1a), perfluorobutyl iodide (2a) as a C-radical precursor, and bis(catecholato)diboron (3a) as a trapping reagent at room temperature for 24 h in different solvents ( Table 1 , entries 1−8). Since alkyl iodides are known to generate C-radicals upon irradiation, initiation was attempted with a 10 W blue LED. In acetonitrile, the methanol and tetrahydrofuran reaction did not work ( Table 1 , entries 1−3). In 1,3-dimethyl-2-imidazolidinone (DMI) after transesterification with pinacol, the carboboration product 4a was formed in 19% yield (Table 1 , entry 4), and dimethylacetamide (DMAc) provided a slightly lower yield (Table 1, entry 5) . Since the corresponding catechol boronate was not stable during purification, the crude product was transesterified with pinacol to the pinacol boronate 4a that could be readily isolated. In hexamethylphosphoramide (HMPA) and 1,3-dimethyl-3,4,5,6-tetrahydro-2(1H)-pyrimidinone (DMPU) as solvents the product 4a was obtained in 21% and 40% yield, respectively (Table 1 , entries 6 and 7). Pleasingly, upon switching to dimethylformamide (DMF), yield significantly increased to 70% (Table 1 , entry 8). Other diboron reagents, such as bis(pinacolato)diboron (3b) and bis(neopentyl glycolato)diboron (3c), did not provide the corresponding carboboration products (Table 1 , entries 9 and 10). Perfluorobutyl bromide (2b) as a radical precursor afforded a worse result (Table 1 , entry 11). Decreasing the amount of 1a or 3a to 1.0 equiv each led to lower yields (Table 1 , entries 12 and 13) and yield dropped to 6% in the absence of blue LED irradiation indicating the importance of the light for the initiation step (Table 1 , entry 14). Irradiation for 1 h followed by stirring for 23 h in the dark afforded 4a in only 16%, as expected for a radical chain reaction that needs continuous initiation. Using tetrahydrofuran as solvent, we tested several Lewis bases as additives (Table 1 , entries 16−18). In the presence of pyridine (2.0 equiv), 4a was isolated in 40% yield ( To document substrate scope, various alkenes 1b−1aj were tested under optimized conditions keeping perfluorobutyl iodide as the C-radical precursor (Table 2) . Allyl arenes bearing para-, ortho-, and meta-substituents at the arene ring performed well in the carboboration (4b−k). The reaction of 1-naphthyl-and 2-thienyl-substituted alkenes 1l and 1m provided 4l and 4m in 71% and 60% yields, respectively. Transformations with linear, branched, and cyclic aliphatic alkenes proceeded in good yields (4n−r). Ester-(4s−v), imide-(4w), sulfonamide-(4x), nitrile-(4y), and ether-functionalities (4z) were compatible with the reaction conditions. The alkene 1aa containing a tosyloxy group participated in the reaction to give 4aa. However, iodide 4aa′ derived from iodination of 4aa was formed as a major product. Furthermore, alkenes containing heterocyclic rings, such as carbazole, coumarin, and chromone, could be converted to the corresponding products 4ab−ae in moderate to good yields. OAlkyl D-glucose derivative 1af provided 4af in a good yield. With 1,5-diene 1ag containing both an internal and a terminal double bond, the carboboration occurred regioselectively at the terminal double bond to give 4ag in 65% yield. The reaction of norbornene (1ah) afforded 4ah in good yield and excellent diastereoselectivity. Internal unstrained alkenes such as cyclohexene and (E)-4-octene gave the carboboration products 4ai and 4aj in significantly lower yields. Unfortunately, styrene did not react under optimized conditions.
Variation of the C-radical precursor was studied next with 1-octene (1n) as the radical acceptor (Table 3) . Using perfluoroalkyl iodides (CF 3 (CF 2 ) n −I) with n = 0, 2, 5, 7, and 9, the corresponding pinacolboronates 5a−e were obtained in good yields. 1-Chlorotetrafluoro-2-iodoethane reacted chemoselectively by cleavage of the C−I bond to give 5f in 82% yield. Lower yields for the carboboration were achieved with ethyl 2-iodopropanoate and ethyl difluoroiodoacetate as substrates (5g, 5h). Carbon tetrachloride also engaged in the carboboration, albeit a lower yield was achieved (5i). To address the mechanism, radical clock experiments were conducted (Scheme 2A). Reaction of vinyl cyclopropane 1ak with perfluorobutyl iodide (2a) and 3a gave exclusively the ringopening product 6, indicating the radical nature of the carboboration. 13 The radical mechanism was further supported by the carboboration of 1,6-heptadiene 1al, which afforded the cyclic boronate 7 in 78% yield.
A plausible mechanism exemplified for the reaction of propene, CF 3 I, and bis(catecholato)diboron, which is supported by DFT calculations, is depicted in Scheme 2 (for details on the DFT calculations, see SI). The trifluoromethyl radical, generated by light-mediated C−I bond homolysis, adds with low barrier (7.4 kcal/mol) to propene to give the secondary alkyl radical A. The critical step is the subsequent formal homolytic substitution at boron of bis(catecholato)diboron (3a). Our DFT calculations reveal that alkyl radical A adds with a low barrier of 9.2 kcal/mol to the boron atom in 3a to generate the adduct radical B. Addition is endothermic by 3.0 kcal/mol. The adduct B could then fragment with a barrier of 16.0 kcal/mol to the product boronic ester 4 along with the reactive boryl radical C. C would then be immediately trapped by the solvent DMF in a strongly exothermic step (−31.4 kcal/mol) to provide the DMFstabilized boryl radical E.
11c However, considering the endothermic (+8 kcal/mol) fragmentation of B to C and 4, radical B would rather fragment back to 3a and A in a degenerate process. We therefore looked for alternative decomposition paths of intermediate B and found that it can be readily trapped without an enthalpic barrier by DMF to provide D (ΔG = −7.3 kcal/mol). Intermediate D is an interesting structure where the B/B interaction is best described as a B−B one-electron σ-bond ( Figure 1 ).
14 Fragmentation of D by cleavage of this B−B oneelectron σ-bond has a low barrier of 6.1 kcal/mol and leads to product 4 and the DMF-complexed boryl radical E, which further reacts via SET reduction 15 of CF 3 I to F and the chain carrying trifluoromethyl radical. 16 Hence, the radical cascade belongs to an electron-catalyzed process.
17 Finally, to demonstrate the synthetic value of the difunctionalized adducts, we investigated follow-up chemistry using alkylboronate 4a as a substrate (Scheme 3). Oxidation of 4a afforded hydroxylated product 8 in 95% yield. Further oxidation of 8 with Dess−Martin periodinane and subsequent HF elimination gave the fluorinated enone 9 18 in excellent yield. Silver-catalyzed radical deboronofluorination of 4a in aqueous solution provided the alkyl fluoride 10. 19 Other successful transformations of 4a include homologation, 20 oxidative coupling with thiophene, 21 and amination 22 to afford functionalized products 11−13. Treatment of 4a with an aqueous KHF 2 solution gave the trifluoroborate salt 14 in 77% yield.
In summary, a new method for transition metal-free radical carboboration of unactivated alkenes was introduced. The threecomponent reaction proceeds on a broad range of unactivated alkenes under mild conditions and is experimentally easy to conduct. The boron reagent and the starting alkyl iodides are commercially available. Control experiments and DFT calculations support the suggested radical mechanism. Importantly, the synthetic potential of the novel method was convincingly documented by a series of valuable follow-up transformations.
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